This paper investigates the potential for improving the performance of hydraulic engine mounts through fluid passageway designs. In previous studies, a few simple inertia track designs have been investigated with moderate improvements obtained. However, there are countless alternative design possibilities existing; while analyzing each one of them in turn is impracticable. To this end, this paper introduces a systematic methodology to optimize fluid passageway designs in a hydraulic engine mount. First, beneficial fluid passageway configurations are systematically identified using a linearized low-frequency model that captures the relative displacement transmissibility. A nonlinear model is then used to fine-tune the fluid passageway designs for the low-frequency transmissibility improvement, and also for the assessment of high-frequency dynamic stiffness performance. The obtained beneficial designs present performance advantages over a wide frequency range. The design approach introduced in this study is directly applicable to other engine mount models and performance criteria.
Introduction
Vehicle engine mounts must be designed to mitigate undesirable vibrations over a wide frequency range, due to low-frequency road unevenness and highfrequency engine excitations (Singh et al., 1992) . The mount needs to be ''soft'' to isolate the car body from engine excitations in the frequency range 25-250 Hz, but ''stiff'' when low-frequency high-amplitude road inputs, typically 0-30 Hz, are transmitted through the mounts (Singh et al., 1992) . To achieve this frequencydependent behavior, passive rubber-hydraulic mounts were proposed to provide superior dynamic properties over those of rubber mounts (Kim and Singh, 1995) . The design of active or semi-active engine mounts has become more popular recently (see, as examples Mansour et al., 2011; Fakhari et al., 2015) . However, passive mounts are still widely used due to the design simplicity and low cost.
Research efforts were made to model the passive hydraulic mount as a linear lumped-parameter model (Singh et al., 1992) . Since then, frequency and amplitude-dependent nonlinear features, including chamber compliance (He and Singh, 2007) , flow resistance (Wang et al., 2010) , and decoupler switching dynamics (Tiwari et al., 2003) , have been considered. Geisberger et al. (2002) developed a nonlinear lumped-parameter model which captures both low and high frequency behavior and could be adopted for design purposes. While finite element analysis has been used to study mount dynamics in detail (Guo et al., 2019) , lumpedparameter models are commonly employed to analyze and design hydraulic mounts due to their direct link with mount properties (Marzbani et al., 2014) .
To improve the performance of passive engine mounts, attempts have been made to alter existing designs (Marzbani et al., 2014) , such as rubber stiffness, piston area, fluid inertia, volumetric stiffness, and damping. Altering the mount's interior configuration to improve flow motion has also been considered. Zhang and Shangguan (2006) investigated the lowfrequency dynamic responses of hydraulic mounts with multiple parallel inertia tracks. Barszcz et al. (2012) considered adding an orifice to create a broadband device and Tikani et al. (2011) employed inner and outer inertia tracks to reduce the peak dynamic stiffness. All these studies focused on specific fluid passageway designs. While improvements were identified, it is likely that further benefits can be achieved given countless alternative design possibilities, but to analyze them all one by one is unrealistic.
The contribution of this paper is to introduce a systematic design methodology for investigating a range of fluid passageway designs. Furthermore, in contrast to many previous studies on engine mounts, this paper considers low and high-frequency design requirements together. This paper is organized as follows: a nonlinear model of a conventional hydraulic mount reported in Geisberger et al. (2002) is first discussed and two performance criteria, relative displacement transmissibility under low-frequency road disturbance and dynamic stiffness amplitude under high-frequency engine excitation, are proposed; then an optimization procedure using a linearized low-frequency model is introduced to consider a wide range of fluid passageway arrangements (inertia track and orifice). Two configurations using an inertia track and orifice are found to be beneficial; nonlinear optimizations using these two designs and a high-frequency performance constraint allow the optimal physical geometries to be obtained; low-frequency relative displacement transmissibility improvement, while constraining high-frequency dynamic stiffness, are identified; and finally, some conclusions are drawn in the last section.
Passive hydraulic engine mount model and performance criteria
In this section, a nonlinear model of a typical hydraulic engine mount (Geisberger et al., 2002) that captures the mount dynamics over a wide frequency range is considered. The parameter values used in the model were experimentally validated in Geisberger et al. (2002) . Note that flow condition and rubber characteristic assumptions are made in this model. Both low and high-frequency performance criteria are then proposed.
Nonlinear engine mount model
For a conventional hydraulic engine mount, there are two fluid-filled chambers, which are connected via a spiral inertia track and a typical free decoupler, as shown in Figure 1 (a). A lumped-parameter model (Geisberger et al., 2002 ) is used to predict the mount behavior in both low and high frequencies. A lowfrequency base excitation x s is first considered to formulate the overall equations of motion, with the resulting engine displacement represented by x e . When a base excitation is applied, using the lumpedparameter hydraulic model in Figure 1(b) allows the continuity and momentum equations to be written as
where A p is the piston area, C 1 and C 2 are the volumetric compliances of the upper and lower chambers, P 1 and P 2 are the pressure within upper and lower chambers, and Q i and Q d are the fluid flow rates through the inertia track and decoupler, respectively. Assuming the flow through the inertia track is laminar and the entrance loss is negligible, the inertia track is modeled by fluid inertia I i and linear resistance R i . The decoupler fluid inertia is represented by I d and a nonlinear decoupler resistance R d is used to model the switching mechanism
where R 0 d is the linear resistance and the second term represents an additional resistance to control the decoupler switching function; the decoupler position is
, where A d is the measured decoupler area, X 0 is the decoupler cage height, and Q 0 is used to produce a crisp switching response. The flow volume for inertia track and decoupler are represented by
respectively. The transmitted force F T from the mount to the chassis or engine is
Here, k r and c r are the upper chamber stiffness and damping, F h represents the total force generated by the flow in the mount and the engine mass m e is assumed to be 60 kg. The effective piston area is the total piston area A p minus A dfnc -the decoupler area with respect to the plate position and pressure differential. P 0 and X 1 are constants used to normalize the function and control the switching function shape. X dmax is half the decoupler cage height. Readers can refer to Geisberger et al. (2002) for details of the modeling process. The system parameters used in this analysis have been summarized in Table 1 . The default inertia track geometry, with length L i ¼ 0:212 m and cross-section area A i ¼ 5:72 Â 10 À5 m 2 , are used as a reference for the following discussion.
Performance criteria
Based on the design requirements, two performance criteria in line with previous studies, such as Geisberger et al. (2002) and Foumani et al. (2004) , are proposed here: one is the low-frequency relative displacement transmissibility due to the road roughness and the other the high-frequency dynamic stiffness. These criteria, used as the cost function and constraint for the optimization, serve as examples to demonstrate the effectiveness of the proposed approach. This approach is independent on the selection of cost functions and constraints, that is, other cost functions and constraints can be directly used for the optimization while following the same design approach.
Low-frequency relative displacement transmissibility.
One of the most significant low-frequency excitation sources is road disturbance. Under this excitation, the relative displacement transmissibility jT d j is an important criterion (Foumani et al., 2004) as it is linked to both chassis-engine contact and the service life of connecting parts. It is represented by
where x s ¼ X ms sinð2ftÞ, the low-frequency excitation amplitude X ms ¼ 1:0 mm, and 0 5 f 30 Hz (Colgate , 1995) . The frequency response of jT d j calculated using a time-domain simulation is shown in Figure 2 (a). Here, the maximum jT d j over the low frequency range for the default mount is 3.45.
High-frequency dynamic stiffness.
The engine mount experiences high-frequency small-amplitude excitations from the engine. It is desirable to have lower transmitted force, hence less vibrations, to the chassis. Since the transmitted force from engine excitation is determined by the mount dynamic stiffness, it is important to make sure that the dynamic stiffness is below a pre-determined level. Hence in this work, the maximum high-frequency dynamic stiffness amplitude of the engine mount, which is represented by max (jK dyn j), is chosen as the second performance criterion. A fixed base is assumed and an engine excitation x e is applied. We take
where x e ¼ X me sinð2ftÞ, the high-frequency excitation amplitude X me ¼ 0:05 mm, and 30 5 f 250 Hz (Geisberger et al., 2002) . Figure 2 (b) shows the jK dyn j for the default engine mount using the nonlinear model, with max (jK dyn jÞ ¼ 701985 N/m. From time-stepping simulations, it is found that over a small frequency region spanning the peak in jK dyn j, the time-domain steadystate responses are multi-valued and sensitive to the initial conditions (Geisberger et al., 2002; Li, 2018) . Numerical continuation, a technique designed to analyze nonlinear behavior, was used to verify the timestepping results (Li, 2018) . It has been observed that although the continuation method is more accurate, the high-frequency responses obtained with these two methods are similar while the low-frequency dynamics stay the same (Li, 2018) . Hence for better optimization efficiency, time-stepping will be used for the following investigation.
Optimizations of fluid passageway designs
The inertia track and orifice are considered as two fluid passageway types in this work. A systematic identification procedure for beneficial fluid passageway layouts using a low-frequency linearized model is introduced first in this section. This procedure neglects the decoupler dynamics and adopts a linear orifice model, in line with previous studies exemplified by Foumani et al. (2004) and Zhang and Shangguan (2006) . These configurations which provide significant benefits in reducing the maximum low-frequency relative displacement transmissibility are proposed. Fine-tuning of these configurations is then carried out using time-stepping simulations in MATLAB considering the dynamics of decoupler and a nonlinear orifice, along with a performance constraint on the high-frequency jK dyn j. The MATLAB commands patternsearch and fminsearch are used for the optimizations carried out in the present work.
Beneficial layout identification using a low-frequency linearized model
To explore a range of fluid passageway designs systematically, a low-frequency linearized engine mount model is used. In this model the decoupler dynamics are excluded as its influence on the low-frequency performance is minor (Li, 2018) . The maximum relative displacement transmissibility, max(jT d j) over 0 5 f 30 Hz (see equation (9)), is chosen as the objective function for the optimizations. Using the linearized model, the default max (jT d j) is 3.64. The hydraulic representations of the inertia track and orifice considered here are shown in Table 2 . The inertia track is modeled as a long capillary tube with circular cross-section shape, allowing the inertance I i and damping R i to be expressed as
where is fluid dynamic viscosity, d i is the diameter of the inertia track, and
cross-section area. The optimization parameters are defined to be the variations of inertia track geometry, which are the length L i and cross-section area A i , as
with 0:5 L 1:5, 0:5 A 1:5. Here, AE50% constraints on inertia track geometry (Singh et al., 1992; Truong and Ahn, 2010; Wang et al., 2014) are chosen. For this linear identification process, the orifice is modeled as a linear damping R o (as shown in Table 2 ) with the optimization parameter defined as variation of the Note: a here thin lines used in a flow restriction are to stress its negligible length of the practical hydraulic passageway. All the mechanical parameters (b i , c i , c o , etc.) can be obtained by multiplying the corresponding hydraulic ones (I i , R i , R o , etc.) with A damping compared with the default inertia track damping
Using the transformation between the hydraulic pressure-flow rate relationship to the mechanical force-velocity relationship, equivalent mechanical networks of inertia track and orifice can be obtained (see Table 2 ) (Li, 2018) . The inertia track is equivalent to a mechanical inerter (Smith, 2002) and damper in parallel. All the mechanical parameters (b i , c i , c o , etc.) can be obtained by multiplying the corresponding hydraulic ones (I i , R i , R o , etc.) with A 2 p , where A p is the piston area. By using mechanical networks, any fluid passageway design can be expressed by linear mechanical transfer functions to be optimized. With a predetermined number of fluid passageways involved, all possible network topologies were established using the structureimmittance approach (Zhang et al., 2017) . Note that Zhang et al. (2017) proposed the layouts based on components (spring, damper or inerter) while here we apply it in a device level (using inertia tracks and orifices).
Based on the optimizations, the beneficial configurations consisting of up to four fluid passageways for minimizing the max (jT d j) are shown in Table 2 and the corresponding parameter values are summarized in Table 3 . Note that the notation ''H mn '' is used to specify the hydraulic fluid passageway layout. The subscripts ''m'' and ''n'' are used to specify the nth beneficial network of the ones consisting of m fluid passageways. Two improvement measures are used in the following discussions: Á d is a comparison with the default configuration; and Á do is a comparison with the optimal solution using the default layout (one inertia track, H 1 ). From Table 3 it can be found that even though increasing the layout complexity leads to better performance, the improvement is marginal. Balancing these improvements with the added manufacturing complexity it is concluded that H 21 and H 22 are the most promising. These two layouts are now adopted for a more detailed study using a nonlinear model that captures the decoupler dynamics (allowing the high-frequency performance to be included) and a more realistic orifice model.
Nonlinear optimization procedure considering high-frequency performance
Using a nonlinear model, further optimizations of H 21 and H 22 are performed in which the maximum jK dyn j is constrained to be no larger than that of the default mount. The default layout (H 1 , only one inertia track) will also be refined as a baseline. Note the default value of the objective function, max (jT Ã d j) (the * indicates the default system), is 3.45, and for the jK Ã dyn j, the default value is 701985 N/m.
Here, a nonlinear orifice pressure-flow model (Bean, 1971 ) is used, as expressed by
where is the fluid density, Q o is the flow rate across the restriction, K represents flow coefficient, and A o is the orifice cross-section area. A diameter ratio ¼ D o =D 1 is defined where D o and D 1 are the orifice and upstream pipe diameters, respectively-D o will be optimized here. In the relationship expressed by equation (14), the flow is assumed to be steady, incompressible, and symmetric along a streamline. For a standardized orifice, sufficient test data have been used to develop the empirical equations for predicting the empirical flow coefficient K based on specified restriction type, diameter ratio , and Reynolds number. In this analysis the concentric orifice case with corner pressure taps is considered and the empirical equation for predicting K (Bean, 1971 ) is 
Re D1 is pipe Reynolds number, V 1 is flow velocity in the upstream pipe, and the dynamic viscosity is chosen as 0.02 Ns/m 2 (Fan and Lu, 2007) . For the case in which the orifice is configured in the inertia track, a parameter constraint that 0:1 5 5 0:82 is applied (Bean, 1971) to ensure sufficient accuracy of equations (15) and (16). If the inertia track and the orifice are configured in parallel, the upstream of the orifice will be the upper chamber which has a large cross-section area compared with the orifice, so variations of K are insensitive to Re D1 . In this case, a constant K ¼ 0.6 is assumed in the calculation. Note that this model of predicting the flow coefficient is not precise for all fluid conditions.
Nonlinear optimization results
The nonlinear optimization results are summarized in Table 4 . In addition to Á d and Á do , Á k is added to represent the reduction of the max (jK dyn j) with optimal designs compared with the default value. Table 4 shows that the optimal H 21 configuration provides the maximum improvement of the objective function: 13.60% compared with the optimal H 1 . Also, that the achieved max (jK dyn j) is much lower than the default system, a 28.63% reduction, which is beneficial for high-frequency isolation performance. Here, more fluid flows through the orifice instead of the decoupler resulting in a smaller effective damping, hence a reduced jK dyn j.
The use of an orifice in H 22 will reduce the lowfrequency objective function value by 8.17% compared with the optimized H 1 . The jT d j and jK dyn j responses provided by beneficial designs are illustrated in Figure 3 . It can be seen from Figure 3 that the frequency locations of the max (jT d j) obtained with the beneficial configurations only slightly shift from the default one.
It can be seen from Table 4 that for H 22 the optimal solution occurs at the maximum jT d j constraint. Therefore, the sensitivity of the low-frequency max (jT d j) to the jK dyn j constraint is now considered. The variation in the jK dyn j constraint is represented by
Here, k is set to be within [À0.5%, 2.0%]. For different constraint values, optimum tuning for both H 1 and H 22 , where H 1 is used as a reference, are performed and the results are illustrated in Figure 4 . It can be seen that when k is increased from À0.5% to 2.0%, the improvement of low-frequency jT d j is compromised by high-frequency jK dyn j, which suggests a trade-off between the two criteria. In addition, regardless of k , the optimized H 22 configuration is always more beneficial than the optimized H 1 one. Note that the purpose of this sensitivity analysis is to illustrate a trade-off between the two criteria, rather than to discuss the exact variations of performance improvement. Note that the optimal designs are obtained using a simplified model, which only includes the nonlinearities from the decoupler and the orifice while other parameters are assumed to be time-invariant. Some parameters, such as the inertia track resistance R i , the upper chamber compliance C 1 , and piston area A p exhibit nonlinearity and are sensitive to the frequency and amplitude of the excitations (Geisberger et al., 2002) . By conducting a numerical sensitivity analysis of cost functions to these parameter inaccuracies, it has been found that the optimal designs H 21 and H 22 are robust to small variations in the system parameters R i , C 1 , and A p (Li, 2018) . Since only one typical excitation amplitude has been considered for low or high frequency 
Conclusion
This paper introduced a design methodology for the identification of beneficial fluid passageway configurations in a hydraulic engine mount. Via a numerical study, the performance advantages of new designs over a wide frequency range were investigated. Using a linearized low-frequency model excluding the effects of the decoupler, it was shown that the configurations consisting of a single inertia track and an orifice are beneficial in terms of reducing the maximum relative displacement transmissibility, over the optimum default system. Then investigations were extended to a model including the decoupler and orifice nonlinearities, and with a constraint on the high-frequency dynamic stiffness. A 13.6% improvement in the relative displacement transmissibility and a 28.6% reduction of the high-frequency maximum dynamic stiffness, over the optimum default system, were obtained, with the inertia track and orifice in series. In addition, using a configuration where the inertia track and orifice are in parallel, the percentage improvement on the cost function increases to 17.5% from 8.2%, with a marginal compromise in highfrequency dynamic stiffness. It has also been found that the optimal designs were robust to small parameter inaccuracies and excitation amplitudes. For a full industrial design process of an engine mount, more practical objective functions or constraints need to be considered, such as to consider a wider range of excitation amplitudes, to evaluate the actual frequency at which the maximum transmissibility occurs, and to enhance the high-frequency performance. More accurate engine mount models can be employed to better assess the trade-off between the low and high frequency performances. It should be noted that the proposed methodology can be directly applied to other cost function, constraint, and system models. A worthwhile extension of this work is to experimentally verify the performance advantages obtained in this analysis.
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